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ABSTRACT
The Fermi Gamma-Ray Space Telescope has provided evidence for diffuse gamma-ray emission in the central
parts of the Milky Way and the Andromeda galaxy. This excess has been interpreted either as dark matter
annihilation emission or as emission from thousands of millisecond pulsars (MSPs). We have recently shown
that old massive globular clusters may move towards the center of the Galaxy by dynamical friction and carry
within them enough MSPs to account for the observed gamma-ray excess. In this paper we revisit the MSP
scenario for the Andromeda galaxy, by modeling the formation and disruption of its globular cluster system.
We find that our model predicts gamma-ray emission ∼ 2 − 3 times larger than for the Milky Way, but still
nearly an order of magnitude smaller than the observed Fermi excess in the Andromeda. Our MSP model can
reproduce the observed excess only by assuming ∼ 8 times larger number of old clusters than inferred from
galaxy scaling relations. To explain the observations we require either that Andromeda deviates significantly
from the scaling relations, or that a large part of its high-energy emission comes from additional sources.
Keywords: gamma-rays: galaxies — gamma-rays: diffuse background — pulsars: general — galaxies: star
clusters: general — Galaxy: centre — Galaxy: kinematics and dynamics
1. INTRODUCTION
The gamma-ray luminosity of star-forming galaxies has
been under scrutiny for a long time since its study may pro-
vide important clues to the acceleration mechanisms of cos-
mic rays and their transport through the interstellar medium,
and constrain the star formation rate as well as the gas and
metallicity content of a galaxy. Thanks to the Large Area
Telescope instrument on board of the Fermi Gamma-Ray
Space Telescope (Fermi-LAT), new high-quality data from
20 MeV to over 300 GeV have been available to study the
high-energy physics (Atwood et al. 2009). These data have
revealed peculiarities of the gamma-ray emission from the in-
ner region of our Galaxy, the so-called Fermi Bubbles – large
structures extending up to 8 kpc away from the Galactic plane
(Ackermann et al. 2014).
Analyses of the diffuse gamma-ray emission also found
a spherically-symmetric excess around the Galactic Centre,
peaking at ∼ 2 GeV and extending out to ∼ 3kpc from the
centre (Abazajian et al. 2014; Calore et al. 2015; Lee et al.
2015; Ajello et al. 2016). Two main explanations have been
proposed for the observed excess, based mainly on similarity
with the radial distribution and energy spectrum of the emis-
sion. A possibility is that the excess is a product of dark mat-
ter annihilation (Calore et al. 2015). Alternatively, the emis-
sion could be due to thousands of unresolved MSPs (Brandt &
Kocsis 2015; Bartels, Krishnamurthy, & Weniger 2016; Arca-
Sedda, Kocsis, & Brandt 2018; Fragione, Antonini, & Gnedin
2018a; Fragione, Pavlík, & Banerjee 2018b).
Besides the Milky Way, seven external star-forming galax-
ies have been observed by Fermi in gamma rays, including
the Small and Large Magellanic Cloud and the Andromeda
galaxy (Ackermann et al. 2012). The latter is of particular
interest since it is the only other large spiral with a promi-
nent bulge which is close enough that the disk and bulge can
be resolved as separate components. Its galactic nucleus har-
bors a supermassive black hole and a central blue cluster (P3)
surrounded by two overdensities of stars (P1 and P2), which
reside on either side of P3 with a separation of∼ 1.8 pc (Ben-
der et al. 2005; Lauer et al. 2012). Ackermann et al. (2017)
reported the detection of diffuse gamma-ray emission on the
order∼ 2.8×1038 erg s−1, that extends up to∼ 5 kpc from An-
dromeda’s center, with the significance of spatial extent at the
4σ level. Its morphology is not well constrained and can be
described either by a uniform disk or a Gaussian distribution.
Compared to the Milky Way’s excess, the Andromeda excess
is about one order of magnitude larger. Moreover, this emis-
sion does not correlate with regions rich in gas, and its spec-
trum is consistent with a simple power law or with a truncated
power-law with an exponential cut-off in the GeV range. The
latter closely resembles the MSP spectral templates. As in the
Galactic case, there have been claims for both the MSP and
dark matter-annihilation origin of the Andromeda’s diffuse
emission (McDaniel et al. 2018). Ackermann et al. (2017)
suggested that, if MSPs are responsible for the emission, the
∼ 4− 10 times higher flux in Andromeda could be attributed
to the correspondingly higher number of globular clusters in
that galaxy (Barmby et al. 2001; Galleti et al. 2007). Recently,
Eckner et al. (2018) proposed that the emission comes from
an unresolved population of MSPs formed in situ.
In this paper, we revisit the MSP scenario in the Andromeda
galaxy. We model the formation and disruption of Andromeda
globular clusters across all cosmic time, starting from redshift
z = 3 to the present time, and calculate the amount of MSPs
deposited in the Andromeda bulge as a consequence of clus-
ter disruption, while accounting also for the spin-down of the
MSPs due to magnetic-dipole braking.
This paper is organized as follows. In Section 2, we de-
scribe the semi-analytical model we used to generate and
evolve the primordial population of globular clusters. In Sec-
tion 3, we show that our fiducial model underestimates the
measured Andromeda excess. Finally, in Section 4, we dis-
cuss the implications of our findings and summarize our con-
clusions.
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22. GLOBULAR CLUSTER EVOLUTION
In this section, we discuss the equations used to evolve the
globular cluster (GC) population; for details see Gnedin et al.
(2014). We assume that the cluster formation rate was a frac-
tion fGC,i of the overall star formation rate
dM
dt
= fGC,i
dM∗
dt
. (1)
We assume that all clusters formed at redshift z = 3 and calcu-
late their subsequent evolution for 11.5 Gyr. The initial mass
of the clusters is drawn from a power-law distribution
dN
dM
∝M−2, Mmin <M <Mmax . (2)
We set Mmin = 104 M and Mmax = 107 M.
After formation, we evolve the GC masses by taking into
account mass loss via stellar winds and the removal of stars
by the galactic tidal field. The mass loss is modeled assuming
a Kroupa (2001) initial mass function, and adopting the main-
sequence lifetime of stars from Hurley et al. (2000) and the
initial-final mass relations for stellar remnants from Chernoff
& Weinberg (1990). We consider mass loss due to stripping
by the galactic tidal field according to
dM
dt
= −
M
ttid
(3)
where
ttid(r,M)≈ 10
(
M
2×105 M
)2/3
P(r) Gyr (4)
is the typical tidal disruption time (Gieles & Baumgardt
2008), and
P(r) = 100
(
r
kpc
)(
Vc(r)
km s−1
)−1
(5)
is the (normalized) rotational period of the cluster orbit, which
parametrizes the strength of the local galactic field, and Vc(r)
is the circular velocity at a distance r from the galactic center.
We assume that the cluster is torn apart when the stellar
density at a characteristic radius, such as the half-mass radius,
falls below the mean local galactic density
ρh < ρ∗(r) =
V 2c (r)
2piGr2
, (6)
due to the adopted field stellar mass, as well as the grow-
ing mass of the nuclear star cluster (NSC). Following Gnedin
et al. (2014), we adopt the average density at the half-mass
radius
ρh =

103 M pc−3 for M ≤ 105 M
103
(
M
105 M
)2
M pc−3 for 105 M <M < 106 M
105 M pc−3 for M ≥ 106 M
(7)
The cluster mass M here is the current value before disruption,
not the initial mass. As the NSC builds up in mass, its stellar
density eventually begins to exceed the densities within the in-
falling GCs, which will be directly disrupted before reaching
the center of the galaxy (e.g., Antonini 2013).
As in Gnedin et al. (2014), we assume the clusters to orbit
on a circular trajectory of radius r and take this radius to be
the time-averaged radius of the true, likely eccentric, cluster
orbit. We consider the effect of dynamical friction on cluster
orbits by evolving the orbital radius r
dr
dt
= −
r2
tdf
, (8)
where
tdf(r,M)≈ 0.45
(
M
105 M
)−1( r
kpc
)2( Vc(r)
km s−1
)
Gyr . (9)
We also include a correction for the non-zero eccentricities of
the cluster orbits, fe = 0.5 (for details see Jiang et al. 2008;
Gnedin et al. 2014).
2.1. Andromeda potential model
We describe the Andromeda gravitational potential with a
3-component model Φ = Φb +Φdisk +Φhalo, where
• Φb is the contribution of a spherical bulge,
Φb(r) = −
GMb
r+ab
, (10)
with mass Mb = 1.9× 1010 M and core radius ab = 1
kpc;
• Φd is the contribution of an axisymmetric disc,
Φd(R,z) = −
GMd√
(R2 + (b+
√
c2 + z2)2)
, (11)
with mass Md = 8×1010 M, length scale b = 5 kpc and
scale height c = 1 kpc;
• Φhalo is the contribution of a spherical dark matter halo
ΦDM(r) = −
GMDM ln(1+ r/rs)
r
. (12)
with MDM = 2×1012 M and length scale rs = 35 kpc.
The adopted parameters match the observed maximum circu-
lar velocity (van der Marel et al. 2014; Patel et al. 2017).
3. GAMMA-RAY EXCESS IN ANDROMEDA
In our model, everything has been fixed apart from the ini-
tial amount of galactic mass locked in GCs. The initial cluster
mass fraction fGC,i is generally of the order of a few percent,
but its exact value is difficult to estimate. In the case of the
Milky Way, it can be fixed by assuming that a certain fraction
of the NSC was accreted by inspiralling GCs (Fragione et al.
2018a). To overcome this problem, we make use of a strong
correlation between the present-day mass of the GC popula-
tion and the host halo that emerges both from observations
and models (e.g., Harris, Blakeslee, & Harris 2017; Choksi,
Gnedin, & Li 2018)
MGC = 3.4×10−5 MDM . (13)
with an intrinsic scatter of σ = 0.2 dex. Thus we set fGC,i =
0.0075, which gives a final present-day mass of the GC sys-
tem in Andromeda which agrees within 1σ with equation (13).
We evolve the GC population according to the model in §2
and compute the mass deposited by each cluster as a func-
tion of time t and radius r from Andromeda’s galactic centre.
Then we calculate the total amount of gamma-ray luminos-
ity expected from all MSPs left in the cluster debris, by using
the mean relation between the gamma-ray emission from GCs
and their masses (Fragione et al. 2018a)
log
Lγ
MGC
= 32.66±0.06− (0.63±0.11) logMGC , (14)
3Table 1
Model, spin-down (τ ), initial cluster mass fraction ( fGC,i), maximum GC mass (Mmax), gamma-ray luminosity-to-mass ratio (Lγ/MGC), maximum luminosity
of MSPs (Lγ,max), slope of the MSP luminosity distribution (α), mass of Andromeda bulge (Mb), total gamma-ray luminosity at 5 kpc (L5γ ).
Model fGC,i Mmax (M) Lγ/MGC τ (Gyr) Lγ,max (ergs−1) α Mb (M) Lγ,5 (ergs−1)
LON-EQ 0.0075 107 Eq. 14 Prager+2017 1036 1 1.9×1010 3.3×1037
LON-C 0.0075 107 const Prager+2017 1036 1 1.9×1010 3.3×1037
GAU-EQ 0.0075 107 Eq. 14 Freire+2001 1036 1 1.9×1010 1.4×1037
GAU-C 0.0075 107 const Freire+2001 1036 1 1.9×1010 1.4×1037
FGCI 0.0075-0.06 107 const Prager+2017 1036 1 1.9×1010 3.3-21×1037
MMAX 0.0075 0.5-3×107 const Prager+2017 1036 1 1.9×1010 2.9-3.6×1037
LMAX 0.0075 107 const Prager+2017 1035-1036 1 1.9×1010 2.9-3.3×1037
ALPHA 0.0075 107 const Prager+2017 1036 0.5-1.5 1.9×1010 3.1-3.5×1037
MBUL 0.0075 107 const Prager+2017 1036 1 0.5-4×1010 1.9-3.6×1037
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Figure 1. Predicted MSP integrated gamma-ray luminosity within a distance
r from Andromeda’s centre. The red data-point represents the luminosity as
measured by Fermi.
where Lγ is the gamma-ray emission of a GC in erg s−1, and
MGC is its mass in units of M. Alternatively, we also con-
sider models with
Lγ
MGC
= const = 4.57×1029 erg s−1M−1 , (15)
to test the dependence of our results on the adopted Lγ −MGC
relation. We then generate individual MSPs by sampling from
a power-law distribution
dN
dLγ
∝ L−αγ , (16)
with α = 1, between Lγ,min = 1031 ergs−1 and Lγ,max =
1036 ergs−1 (Ajello et al. 2016). We sample from the above
distribution until the total luminosity from the deposited
MSPs equals Ldepγ,tot(t). This gives us the number of MSPs,
NMSP(t).
From the moment that MSPs are deposited in the galactic
centre, we evolve in time the gamma-ray luminosity of a given
pulsar as
Lγ(t) =
Lγ,0
[1+ (t/τ )1/2]2
, (17)
where Lγ,0 is the initial luminosity and τ is the characteristic
spin-down timescale for a MSP to lose its rotational kinetic
energy due dipole magnetic breaking
τ =
E
E˙
=
P
2P˙
, (18)
where P and P˙ are the MSP rotational period and its deriva-
tive, respectively. As discussed in Fragione et al. (2018a), we
adopt two models for the MSP spin-down. The first model
(Model LON) uses observations of the MSP population in 47
Tuc, and τ is given by (Prager et al. 2017)
τ =
c
1.59×10−9m s−2
(
2×108 G
B
)2( P
2 ms
)2
, (19)
where c is the speed of light and B is the magnetic field. In this
model, the τ distribution has a mean around 1 Gyr, but also a
non-negligible tail at larger τ ’s. In the second model (Model
GAU), we adopt a Gaussian distribution with mean of 3Gyr,
consistent with Freire et al. (2001), who found a characteristic
age of ≈ 3Gyr for MSPs in NGC 104. We note that recently
O’Leary et al. (2016) have claimed that Lγ ∝ (1+ (t/τ )1/2)−1
is more consistent with the data, which would give a less im-
portant spin-down of MSP luminosities. The shape of the τ
distribution and its relation to Lγ turn out to be the two most
important ingredients controlling the final contribution of the
excess, but both of them are still quite uncertain (Fragione
et al. 2018a). Table 1 summarizes the models considered in
the present work.
In Figure 1, we illustrate the predicted MSP integrated
gamma-ray luminosity at 2 GeV within a distance r from An-
dromeda’s centre. We found that the total gamma-ray lumi-
nosity is ∼ 1.6× 1037 erg s−1 and ∼ 3.5× 1037 erg s−1 for
Model GAU-EQ and Model LON-EQ, respectively. As al-
ready noted in Fragione et al. (2018a), we found that the
models that use the Prager et al. (2017) prescription for the
spin-down rate predict a flux about two times larger than the
models with the Freire et al. (2001) τ distribution. We also
ran models with a constant value of gamma-ray luminosity to
mass ratio to compute the total amount of gamma-ray flux in
cluster debris. In these latter models, the overall flux at r . 1
kpc is increased by about an order of magnitude, but the total
luminosity is comparable.
3.1. Model uncertainties
In our fiducial model LON-C, the MSP scenario does not
reproduce the observed gamma-ray flux measured at the cen-
tre of Andromeda. Yet, there are some important uncertainties
in our approach, apart from the MSP spin-down model (see
also discussion in Fragione et al. 2018a).
An important factor that can affect the results is the initial
cluster mass fraction. In the models described above, we fixed
fGC,i by requiring that the present-day mass of the GC system
agrees with the cosmological scaling relation (Eq. 13). To
check the effect of this parameter, we ran Model FGCI where
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Figure 2. Predicted MSP integrated gamma-ray luminosity within a distance
r from Andromeda’s centre as function of the initial amount of mass in GCs
(Model FGCI). The red data-point represents the luminosity as measured by
Fermi.
we consider 0.0075≤ fGC,i ≤ 0.06. The other parameters are
set as in the fiducial Model LON-C. Figure 2 shows the result-
ing MSP integrated gamma-ray luminosity within a distance
r from Andromeda’s centre as a function of the initial amount
of mass in GCs. Our MSP model can reproduce the observed
Fermi excess only for fGC,i ≈ 0.06; this is ∼ 8 larger than
the fGC,i inferred from Eq. 13 and predicts a larger number of
clusters in Andromeda than expected (Barmby et al. 2001).
In our main model, we fixed Mmin = 104 M and Mmax =
107 M. Our results are essentially independent on Mmin, be-
cause low-mass clusters dissolve quickly (Gnedin et al. 2014).
We explore the effect of varying Mmax on our results (Model
MMAX; see Tab. 1). We find that a larger Mmax implies a
larger gamma-ray excess, but only by a small factor. More
specifically, we find that the integrated MSP gamma-ray lu-
minosity is ∼ 2.9× 1037 erg s−1 and ∼ 3.6× 1037 erg s−1
for Mmax = 5×106 M and Mmax = 3×107 M, respectively.
These results demonstrate that the integrated gamma-ray lu-
minosity predicted by our models is only marginally affected
by the choice of Mmax.
Another source of uncertainty is the parametrization of the
typical timescales for cluster evolution and ρh. In case of
Eq. 7, we take the lower limit from the typical observed den-
sity of low-mass Galactic GCs. More massive clusters are ex-
pected to be in the expansion phase to fill their Roche lobes,
during which ρh ∝ M2 (Gieles et al. 2011). The upper limit
for the most massive clusters (ρh = 105 M pc−3) corresponds
roughly to the highest observed half-mass density of Galac-
tic GCs. For what concerns Eq. 5, we have revised the nor-
malization of P(r), hence of Eq. 4, relative to our first pa-
per (Fragione et al. 2018a) by a factor of ∼ 2.5, to account
for the longer disruption time in detailed N-body simulations
of Lamers et al. (2010). However, by comparing our current
models to the ones presented in Fragione et al. (2018a), we
found no significant effect on the results.
Finally, we do not consider eccentric GC orbits in our
model, rather we include the effect of the deviation of the clus-
ter’s orbit from circular by taking into account a correction
factor fe = 0.5 in Eq. 8, consistent with the results of simula-
tions by Jiang et al. (2008). We note that eccentric orbits may
have shorter dynamical friction timescales, increase the mass-
loss rate, and shorten the GC relaxation time. Thus, some of
the clusters may get disrupted earlier than clusters on circular
orbits. Unfortunately, the primordial distribution of cluster ec-
centricities is not known, which makes it difficult to quantify
its effect. However, we note that the simple prescriptions for
dynamical friction as implemented here reproduce well the
spatial and mass distribution of GCs in our Galaxy (Gnedin
et al. 2014).
Also the parameters defining the MSP luminosity distribu-
tion can play a role. In our fiducial model (Model LON-C), we
set the slope of the distribution α = 1, and Lγ,min = 1031 ergs−1
and Lγ,max = 1036 ergs−1. While Lγ,min does not play a sig-
nificant role (Fragione et al. 2018a), we investigate the im-
pact of Lγ,max and α on our results (see Tab. 1). We repeated
our calculations with Lγ,max reduced to 1035 ergs−1 (Model
LMAX), and found that the total gamma-ray excess is reduced
by ∼ 10% with respect to our fiducial model. Also, we con-
sidered α in the range 0.5-1.5 (Model ALPHA). Smaller α′s
(shallower distributions) imply a larger gamma-ray emission,
while larger α′s (steeper distributions) lead to a smaller total
excess. In any case, the Andromeda excess results ∼ 5% big-
ger and ∼ 5% smaller for α = 0.5 and α = 1.5, respectively,
than our fiducial model.
We also check the effect of varying the parameters defining
the Andromeda bulge mass Mb, which may be an important
parameter for the GC survivability in the galaxy innermost
regions. We find that the integrated gamma-ray excess is ∼
1.9× 1037 erg s−1 and ∼ 3.6× 1037 erg s−1 when Mb = 0.5×
1010 and Mb = 4×1010, respectively, and still smaller than the
observed one. Finally, we also ran models adopting different
values of the Andromeda bulge scale radius ab, but we did
not find any significant difference in the total gamma-ray flux
compared to our fiducial Model LON-C.
Table 1 reports all the models we investigated and their total
gamma-ray luminosity within 5 kpc (Lγ,5).
4. CONCLUSIONS
The Fermi Telescope has revealed a gamma-ray excess
around our Galactic Center (out to ∼ 3kpc) of the order of
∼ 1037 erg s−1, which has been interpreted either as dark
matter annihilation emission or as emission of thousands of
MSPs. Fermi also showed evidence of a diffuse gamma-ray
emission (∼ 2.8× 1038 erg s−1) also in the centre (up to ∼ 5
kpc) of the Andromeda galaxy. As in the case of the Galactic
Centre, there have been suggestions for both a MSP and for a
dark matter-annihilation emission.
In this letter, we have revisited the MSP scenario in the
Andromeda galaxy, by modeling the formation and disrup-
tion of GCs, that can deliver thousands of MSPs in the bulge.
We have modeled the MSP gamma-ray emission by taking
into account also the spin-down due to magnetic-dipole brak-
ing, and found that the total gamma-ray luminosity is ∼ 1.6-
3.5×1037, i.e., nearly one order of magnitude smaller than the
observed excess. Our MSP model can reproduce the Fermi
excess only by assuming a number of primordial clusters that
is ∼ 8 times larger than that inferred from the galactic scaling
relations.
Recently, Eckner et al. (2018) proposed that the emission
from an unresolved population of MSPs formed in situ can
account for ∼ 7× 1037 erg s−1 of the excess. While both our
model and the Eckner et al. (2018) model cannot account for
all the observed excess, they can explain nearly half of it when
taken together. We also note that M31 likely had a burst of
star formation ∼ 1 − 2 Gyr ago, which could boost both the
abundance of close binaries and massive star clusters up to a
5factor of ∼ 2 (Dong et al. 2018). A combination of all these
factors could provide the astrophysical origin of the gamma-
ray emission in the Andromeda galaxy.
Finally, we note that some of the neutron stars delivered
by the GCs may mass-segregate to some extent and also be
successfully exchanged in few-body interactions in binaries
that later could lead to the formation of MSPs, which could
enhance our predicted rate (Leigh et al. 2016). This would
give a maximum contribution roughly comparable to the in
situ formation scenario, which can account only for ∼ 1/4 of
the excess (Eckner et al. 2018), being the mass in GCs of the
order of the mass of the nuclear star cluster. However, the
details of binary modeling would be the same for Andromeda
and our Galaxy, while the observed gamma-ray fluxes are very
different. Hence, MSPs delivered by GCs cannot explain both
the Milky Way and Andromeda fluxes, and therefore other
sources of gamma-rays in M31 center are required.
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